We propose a new guidance paradigm for computer-assisted orthopaedic surgery, based on nonrigid registration of a patient to a standard atlas model. Such a method would save costs and time compared to CT-based methods, while being more reliable than current imageless navigation tools. Here, we consider application of this paradigm to knee arthroplasty.
Introduction
Current computer-integrated surgical systems for knee arthroplasty provide navigational guidance relative to CT scans [7, 9, 12, 13, 19] or to anatomic features [4-6, 8, 15] that are identified intraoperatively (such as centers of rotation and anatomic axes). Both methods have notable limitations. The use of CT scans for knee arthroplasty is atypical and introduces extra costs, radiation exposure, and time to produce a patientspecific plan. Systems that require the identification of anatomic features are limited by the accuracy with which these features can be located, and it can be difficult to confirm that the guidance provided is accurate.
We propose that the use of a global deformable shape-based registration may be sufficiently accurate to align a patients' femur to a femur atlas. If our proposition is true, then it would be possible to intraoperatively digitize points from the surfaces of the femur to register the patient to the atlas. A plan defined on the atlas could be applied to the patient without the need for preoperative planning, which simplifies the logistics of delivering care in a clinical setting. Because the guidance is based on shape matching, it would be easy to visually confirm the accuracy of the registration by pointing to distinctive features with a tracked stylus.
Considerable research has been conducted on atlas generation and deformable registration [10] , including the mapping of atlas data to patient data for diagnosis and visualization [16] . However, to the best of our knowledge, there have been no published results describing the validation of deformable registration to an atlas for guidance.
A Simple Affine Registration Algorithm
Our registration is a simple generalization of the ICP algorithm of Besl and McKay [1] . In the original algorithm, ICP repeatedly searches for the set ¤ of model points nearest 2 to the transformed data points . Using homogeneous notation and assuming ¤ and are matrices of column vectors, Horn's method is used to solve for the best rigid transformation
which can be solved using any method for optimization of overdetermined linear systems. For the purposes of this study we have chosen to use a least-squares optimization with the QR decomposition. Our algorithm has the same guaranteed convergence as the ICP algorithm. The proof of this statement is almost identical to the original proof [1] and is not provided here.
We have not yet explored the problem of how to reliably obtain an initial estimate for this affine registration algorithm. Details of how we proceeded for this study can be found in Section 3.
Materials and Methods
We conducted a retrospective study based on CT scans of patients who enrolled in an approved clinical study of computer-assisted orthopaedic surgery and had consented to research use of medical data. Polygonal models of the hip and femur were computed, using an isosurface algorithm, from scans of 15 high tibial osteotomy (HTO) patients. An atlas model was created from the CT scan of a plastic phantom of a normal femur. On the models we identified: the mechanical axis, the anatomic axis, Whiteside and Arima's [18] anteroposterior (AP) axis, the knee center on the surface of the distal femur, and the approximate dimensions of the distal femur in the transverse plane. Studies of the distal femur [17, 20] have identified the transepicondylar line (TEL) as an important landmark but we were unable to reliably locate the TEL on some scans.
For each patient model and the atlas we defined the transverse plane to be perpendicular to the mechanical axis. The AP axis was projected into the transverse plane if it was not already perpendicular to the mechanical axis. The frontal plane was defined to be perpendicular to the AP axis, and the sagittal plane was defined to be perpendicular to both the frontal and transverse planes.
To test the baseline accuracy of affine registration for guidance we selected all of the vertices from the lateral, medial, and anterior surfaces of the distal femur, and the vertices from the patellar groove and small regions of the posterior condyles. We approximately matched each femur to the atlas by aligning the knee centers, mechanical axes, and AP axes, and then scaling in the AP and mediolateral (ML) directions. Starting from this initial alignment, we first used ICP to find a rigid registration and then used the modified ICP to find the affine registration. The affine transformation was applied to the patient femurs to assess the registration error relative to the atlas.
For shape-based registration algorithms the value of the registration objective function -usually the root-mean-square (RMS) error for ICP -is a commonly reported measure of error. For comparing a rigid registration to ground truth or a fiducial registration, it is more meaningful to report errors as a rotation and translation about a screw axis [2] . Unfortunately this approach is invalid for affine registration so, in addition to computing the RMS error, we also computed registration errors in a manner analogous to the target registration error described by Maurer et al. [11] .
Our targets were the knee center and relevant axes of the knee. Reed and Gollish [14] have reported that the potential angular error in the distal femoral cut depends critically on the entry point of the intramedullary rod, and that the correct entry point is located where the anatomic axis exits the distal femur. Because some of our CT scans did not adequately image the distal shaft of the femur, we were unable to define the anatomic axis with reference to the ideal entry point. Instead, we computed the distances between the knee centers on the registered femurs and the atlas instead of the distances between the ideal entry points.
The mechanical axis is a natural target to use because knee arthroplasty attempts to recreate a neutral mechanical axis. We computed the angular alignment errors between the registered and atlas mechanical axes in the frontal and sagittal planes, and also computed the same errors for the respective anatomic axes.
It has been reported [18] that the AP axis is a reliable landmark for alignment in the valgus knee, so we computed the angular alignment errors between the registered and atlas AP axes in the transverse and sagittal planes. Errors were computed in the frame of the atlas. To analyze differences between the phantom and patient atlas results, we used the two-sample t-test with a significance level of
to test for differences in means and the F-test at a significance level of
to test for differences in variance.
Even though we used large data sets to perform the registrations, we were still concerned that our results may have been subject to "local-minima trapping", which is a well known drawback of ICP-like algorithms. We performed a stochastic analysis of the sensitivity of the affine-registration process to the initial estimate: starting from our manual alignment, we rotated the patient model by 15¦ about a random axis passing through the knee center, and translated by 10mm along this axis 1 . We used this new pose as the initial estimate for the registration process. This experiment was repeated 100 times for each patient and we computed the resulting target registration errors.
Finally, we randomly chose one patient to serve as the atlas and registered the remaining patients to the new atlas. We computed errors as for the phantom atlas.
Results
A visualization of a registered left femur and the atlas axes is shown in Figure 1 that illustrates our error conventions. Notice that if we followed a preoperative plan defined in the atlas coordinate frame, the arthroplasty would result in malalignments in the opposite directions e.g. a varus, hyperextended, internally rotated knee in the case of the illustration.
Phantom Atlas
The RMS error of registration was between 0.79 mm and 1.39 mm (mean 1.12 mm). The registration errors of the knee center and axes using the phantom atlas are shown in the left column of Figure 2 . In the ML and AP directions, the mean knee-center alignment errors were -0.03mm and -0.18mm, respectively, with standard deviations (SD) of 1.53mm and 2.08mm. The results for the anatomic and mechanical axes were unusual in that there was a clear trend towards valgus and flexion alignment errors. In the frontal plane, the mean of the mechanical axis alignment errors was -2.45¦ (SD 2.53¦). In the sagittal plane, the mean error was -4.98¦ (SD 4.60¦). For the anatomic axis, the frontal and sagittal plane errors were -3.32¦ (SD 2.32¦) and -5.29¦ (SD 4.89¦). There was a slight trend towards external rotation of the registered femur as indicated by a mean AP axis alignment error in the transverse plane of 0.55¦ (SD 5.49 degrees).
Patient Atlas
The registration errors using patient 12 as the atlas are shown in the right column of Figure 2 . For the knee center, the alignment errors were 0.31mm (SD 1.41mm) and 0.43mm (SD 2.23mm) in the ML and AP directions respectively. The F-test values were 1.18 and 0.83 for the ML and AP directions which suggested that there was no significant difference in the variances. The t-test values were -0.6193 and -0.7448 for the ML and AP directions which suggested that there was no significant difference in the means.
The registrations produced a mean neutral alignment of the mechanical axes in the frontal plane (mean -0.01¦, SD 2.15¦) with a slight trend towards extension alignment error (mean 0.81¦, SD 3.81¦). Variances were smaller than for the phantom atlas but the differences were not significant. smaller than for the phantom atlas and were significant (t-test values -2.78 and -3.68). Similar conclusions could be drawn for the anatomic axis errors (F-test values 1.53 and 1.39, t-test values of -3.44 and -4.00 for the frontal and sagittal errors). The frontal and sagittal anatomic axis errors were -0.61 degrees (SD 1.88¦) and 1.47¦ (SD 4.15¦) .
The AP axis was slightly externally rotated with a mean of 0.57 degrees (SD 4.33¦). These values were not significantly different from the phantom atlas results (F-test value 1.60, t-test value -0.01).
Initial Alignment Sensitivity
Our results for the phantom atlas showed that the worst alignment errors for the axes were less than 12¦ and 5mm for the knee center. We arbitrarily increased these values to 15¦ and 10mm to displace the initial estimates. Since we were investigating the sensitivity to the initial alignment, we computed the standard deviations of the various alignment measurements over the 100 trials for each of the 15 patients. Table 1 shows the largest standard deviations over the 15 patients for each alignment measurement. Given the small values of the maximum standard deviations we were confident that local-minima trapping did not have an effect on our previous results. 
Discussion
Our results show that the choice of atlas significantly affects the accuracy of shapebased registration. If the phantom is representative of the normal population, then our results suggest that the shape of the distal femur of an osteoarthritic patient deviates from the norm. This deviation has substantial surgical implications, because a surgeon attempts to align a femoral component so that it is perpendicular to the load-bearing mechanical axis: a malalignment can produce shear forces at the bone interface that can in turn lead to premature failure. If an osteoarthritic patient has a different anatomy than a normal subject, different standards of alignment may need to be considered. By registering to the shape of the distal femur, we were unable to align the AP axes of the patients and the atlases with good consistency. This is not a surprising result since Whiteside and Arima advocate the use of the AP axis for rotational alignment of the valgus knee because such a knee typically has an abnormally small lateral condyle [18] .
Furthermore, Feinstein et al. [3] have found that there is large variation in the alignment of the patellar groove relative to the transepicondylar line in the transverse plane. This suggests that affine registration to an atlas derived from a normal subject may not be suitable for determining the rotational alignment of an arthroplasty component.
Our alignment errors as measured in the frontal plane, with a standard deviation of about 2¦, compare favorably with the alignment errors induced by intramedullary (IM) guides reported by Reed and Gollish [14] . In their study, the authors' mathematical model predicted up to 3¦ valgus malalignment if the insertion point of the IM rod was located at the center of the notch as in the typical textbook description of knee arthroplasty technique. Mechanical guides for unicompartmental arthroplasty are smaller in diameter and less than 1/3 the length of a guide for a total arthroplasty, so the expected alignment errors are much worse (we calculate up to 12¦).
Limitations of our study include a relatively small number of patients, a very simple registration algorithm, and use of a large amount of data to perform the registration. An interesting extension to our work would be the determination of the minimal amount of data, from surgically accessible regions, needed to reliably perform a deformable registration. Finding a way to acquire or specify the initial registration is also desirable.
This work suggests that it may be practical to perform computer-assisted knee surgery in a completely new way. By comparison with navigation from patient-specific CT scans, deformable registration to an atlas is much less costly, requires no exceptional logistics or labor, and requires no additional radiation to the patient or to the surgical team. By comparison with navigation from anatomical features, deformable registration to an atlas offers the surgeon visual confirmation that (a) a good registration has been achieved, because the surgeon can see the correlation between navigation on the atlas and anatomical features being touched, and (b) visual confirmation that tracking devices attached to the patient or to surgical instruments have not inadvertently moved during surgery. Our results suggest that we can guide a surgeon accurately in the frontal plane, so that conventional instrumentation could be used to complete the procedure.
Affine transformations are a simple first step in exploring the use of deformable registrations for surgical guidance. They are global, and there is no difficulty in transforming simple guidance plans in the atlas (such as a single point, line or plane) to the patient. For guidance that uses more elaborate plans, care must be taken to ensure that all geometric constraints of the operative procedure are met when transforming guidance plans in the atlas to the patient. Future work includes the use of more complex deformable transformations and exploration of the clinical utility of deformable registrations for surgical guidance.
